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The  injection  of  gram  negative  endotoxin  into  the  systemic  venous 
system  of  dogs,  generally  causes  a  fall  in  lung  compliance  and  a  rise  in 
resistance  to  airflow.  These  changes  did  not  occur  if  the  endotoxin  was 
injeftted  through  the  portal  system.  Heparin  in  average  dosage  was  not 
effective  in  preventing  the  respiratory  change. 

The  diffusing  capacity  of  the  canine  lung  for  carbon  monoxide  (DjCO) 
was  generally  diminished  by  systemic  intravenous  endotoxin  and  pulmonary 
c apillary  blood  volume  (Vc)  fell  significantly. 

In  humans,  D^CO  increases  with  increasing  lung  volume  (V^)  due 
primarily  to  a  rise  in  Vc.  The  ratio  Vc/V^  does  not  change  with  incronsing 
VL  in  normal  subjects,  and  may  provide  a  useful  standard  for  the  study 
of  patients. 

Note:  Copies  of  this  report  are  filed  with  the  Armed  Services  Technical 
Information  Agency,  Arlington  Ha'Ll  Station,  Arlington  12,  Virginia 
and  may  be  obtained  from  that  agency  by  qualified  investigators 
working  under  Government  contract. 
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A.  COMPLIANCE  AND  AIRWAY  RESISTANCE 


1.  Studies  in  dogs. 

We  have  reported  previously  on  changes  in  the  ventilatory  mechanics 
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during  hypovolemic  and  endotoxic  shock.  Vie  noted  a  rise  in 

compliance  and  a  fall  in  resistance  to  airflow  during  acute  hypovolemic 
shock.  Following  the  intravenous  injection  of  endotoxin  we  noted  in 
general  a  tendency  for  compliance  to  fall  and  resistance  to  airflow  to  rise. 
Heparinization  of  the  animal  prior  to  the  injection  of  endotoxin  appeared 
to  interfere  with  this  response.  During  the  past  year  we  have  attempted  to 
evaluate  more  carefully  this  response  to  endotoxin  especially  with  relation 
to  varied  dosage  and  heparinization.  The  ability  of  the  liver  to  neutralize 
endotoxin  has  also  been  investigated.  We  have  studied,  in  addition,  the 
early  effect  of  intraperitoneal  sepsis  caused  by  contamination  with  liquid 
feces. 

Methods 

The  method  utilized  in  determining  the  airflow  resistance  and  lung 
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compliance  of  dogs  has  been  discussed  previously  and  described  in  detail. 

A  series  of  21  dogs  were  studied  and  divided  into  four  groups. 

In  Group  I  following  control  studies  six  dogs  were  given  gram  negative 
endotoxin  intravenously  in  varied  dosage  and  ventilatory  mechanics  studied 
thereafter. 

Group  II  consisted  of  six  dogs  fully  heparinized  and  then  treated  in  a 
manner  similar  to  the  dogs  in  Group  I,  Two  of  these  dogs  were  given  1  ml. 
of  endotoxin  per  kilo,  of  body  weight  and  four  of  them  received  2  ml.  of 
endotoxin  per  kilo. 
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Group  III  consisted  of  four  dogs  in  which  following  anesthesia  the  abdomen 
was  opened,  the  splenic  vein  isolated  and  cannulated  with  a  polyethylene 
catheter.  The  abdomen  was  then  closed  tightly  around  the  catheter  and  the 
animal  placed  in  the  body  plethysmo graph.  Following  control  studies  endotoxin 
was  administered  intravenously  through  t.^e  splenic  vein.  One  dog  was  given  a 
dose  of  2  ml,  per  kilo  and  the  other  three  received  k  ml.  per  kilo  of  body 
weight. 

Five  dogs  in  Group  IV  had  control  studies  carried  out;  the  dogs  were  then 
removed  from  the  plethysmo graph  and  strained  fecal  material  diluted  in  150  cc. 
of  saline  was  injected  into  the  peritoneal  cavity.  The  animals*  ventilatory 
mechanics  were  then  studied  for  three  to  five  hours  following  the  procedure. 

Results 

In  Tajle  I  are  grouped  eleven  dogs  given  endotoxin  through  the  systemic 

vein.  None  of  these  animals  received  heparin.  Five  dogs  (i-V)  were  reported 
2 

previously  with  the  results  corrected  in  one  case  (V),  The  other  six  animals 
comprise  Group  I  studied  during  this  year.  The  dosage  of  endotoxin  varied  as 
indicated.  Blood  pressure  fell  in  ten  of  eleven  dogs  but  a  marked  fall  was 
noted  in  only  seven.  Lung  compliance  fell  in  eight,  was  unchanged  in  two  •md 
roso  in  one  animal.  Resistance  rose  in  seven  animals,  fell  in  three  and  was 
essentially  unchanged  in  one. 

The  results  in  the  second  group  of  dogs  is  listod  in  Table  II.  These  six 
dogs  were  fully  heparinisod  prior  to  administration  of  gram  nogativo  endotoxin. 

In  all  six  of  these  animals  both  the  compliance  and  blood  pressure  fell 
significantly.  Resistance  rose  in  four,  fell  in  one  and  was  unchanged  in  one. 
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Table  III  indicates  the  results  in  four  non-hep arini zed  dogs  given 
endotoxin  through  the  splenic  vein.  In  this  instance  the  blood  pressure  fell 
in  each  case.  Resistance  to  airflow  also  fell  in  all  four  of  the  animals 
but  a  fall  in  compliance  was  noted  in  only  one. 

The  five  dogs  in  Group  IV  were  subjected  to  peritonitis  due  to  the 
instillation  of  liquid  feces.  The  results  are  listed  in  Table  IV.  No  definite 
trend  was  noted  in  this  group.  Resistance  rose  markedly  in  one  dog  (II ). 

This  animal  was  sick  to  begin  with  and  had  a  marked  purulent  discharge  from 
the  nose.  The  initial  resistance  was  high  at  9  cm.  H2O/L/  sec*,  rose  fourfold 
rapidly  and  the  animal  died  in  four  hours.  Dog  five  (V)  had  a  gradual  increase 
in  resistance  accompanied  by  a  rising  compliance.  Dog  three  (ill)  tended 
•toward  an  increased  resistance  with  a  fall  in  compliance.  The  other  two 
animals  were  essentially  unchanged  during  the  period  of  study.  All  died 
within  twelve  hours. 

Discussion 

The  administration  of  endotoxin  into  the  systemic  vein  generally 

resulted  in  a  rise  in  resistance  to  airflow  and  a  fall  in  lung  compliance, 

as  others^  have  noted.  In  this  serios,  no  good  relationship  could  be  noted 

between  the  size  of  the  dose  and  the  magnitude  of  the  response.  Heparin 

10,000  USP  units  given  I.V.  prior  to  endotoxin  administration  failed  to 

2 

prevent  the  response,  oontrary  to  our  first  impressions.  A  protective 
action  by  Heparin  has  bean  noted  by  others.^  Two  major  problems  in  this 
study  deserve  mention.  The  first  is  the  possibility  that  the  resistance  of 
the  animal  to  endotoxin  varies.  The  second  is  the  known  variation  in  the 
potency  of  the  endotoxin.  We  were  able  to  oheok  this  only  grossly  and  at 
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intervals.  One  mixture  used  in  a  number  of  dogs  proved  to  have  little  potency 
and  the  studies  ■were  discarded.  The  ineffectiveness  of  Heparin  was  a  surprise. 

2  j 

Our  own  initial  results  with  Heparin  were  noted  by  accident  and  at  a  time  ? 

when  we  were  unable  to  check  on  the  potency  of  tho  endotoxin  so  we  decided  to  } 

continue  the  study  with  more  potent  material.  We  do  not  conclude  that  Heparin 
is  of  no  value  at  all  but  certainly  not  in  the  dosage  used  (10,000  units  per  f 

dog)  in  conjunction  with  the  amount  of  endotoxin  we  gave. 

When  the  endotoxin  was  administered  through  the  portal  system  the  lung 
changes  were  largely  prevented,  although  the  blood  pressure  did  fall.  Since 
the  dose  of  endotoxin  was  rather  large,  it  indicates  that  the  liver  has  a 
largo  capacity  for  inactivating  this  material.  Either  the  circulatory 
response  is  more  sensitive  than  the  lung  response  or  the  factor  causing  it  is 
not  removed  by  the  liver.  It  will  be  of  interest  to  see  if  even  larger  doses 
of  endotoxin,  similarly  administered  can  overcome  this  protective  effect. 

The  effect  of  peritonitis  requires  considerably  more  study  especially 
just  prior  to  the  death  of  the  animal.  Only  two  studies  were  carried  out 
near  death  (II-V).  We  are  attempting  to  investigate  this  period  at  present 
and  also  to  increase  tho  survival  timo  to  see  if  the  lung  changes  bocome 
significantly  worso  as  has  boon  predicted.  The  marked  change  in  dog  two 
(II)  is  interesting  in  view  of  tho  known  respiratory  disease.  Any  similarly 
ill  dogs  will  also  be  studied  and  lung  specimons  obtained  at  death. 

2.  Studios  on  humans 

Nine  additional  studies  of  Ward  patients  have  been  carried  out.  Seven 
wore  pro operative  problems j  two  wore  studied  while  on  Ar amine  with  a  normal 
blood  pressure  and  then  during  the  attonpted  withdrawal  of  the  drug  with  a 
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moderate  hypotension.  Both  of  these  patients,  several  days  prior  to  the  study 
had  a  probable  pulmonary  embolus.  Both  were  postoperative  and  both  recovered. 
Patient  R.A.  had  a  marked  hypoxemia  even  on  high  concentrations  of  oxygen. 
Unfortunately,  the  equipment  for  measuring  lung  volume  had  not  arrived  at  the 
time  of  these  studies.  The  results  are  listed  in  Table  V. 
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B,  PULMONARY  DIFFUSION  STUDIES 


1.  Studies  in  dogs. 

The  diffusion  capacity  for  carbon  monoxide  (DjCO)  was  studied  in  dogs 
using  the  single-breath  technique.  The  results  of  the  studies  in  anemia, 
acute  hypotension,  irreversible  hemorrhagic  shock,  after  early  retansfusion 
and  the  effect  of  prolonged  anesthesia  have  been  reported'*'  and  are  summarized 
in  Figure  I. 

The  present  studies  were  carried  out  to  investigate  the  effect  of  the 
intravenous  injection  of  gram  negative  endotoxin  on  the  D^CO  and  pulmonary 
capillary  blood  volume  (Vc).  They  comprise  our  first  effort  to  utilize  our 
new  equipment  for  the  diffusion  studies. 

Method 

The  techniqie  for  studying  D^CO,  Vc  and  Dm  (membrane  diffusion)  in  dogs 
has  been  described  previously. 1"2"3-U  jn  the  present  studies  however, 
alveolar  PO^  was  measured  by  a  Beckman  E-2  Oxygen  Analyzer  and  alveolar  PCOg 
by  an  Instrumentation  Laboratory  CO2  electrode.  These  had  been  measured 
previously  by  the  Scholander  technique, 

L  total  of  five  dogs  were  anesthetized  lightly  with  Pentathol  and 
oontrol  studies  carried  out.  Each  animal  was  then  given  intravenous 
endotoxin  and  shortly  thereafter  the  studies  were  repeated.  The  hematocrit 
was  obtained  on  all  animals  before  endotoxin  but  on  only  three  post-endotoxin. 
Pulmonary  capillary  red  oell  mass  (Vrbc)  was  obtained  from  the  Vc  and  the 
hematocrit.  The  ratio  Dj/Vrbc  ■  Drbc  was  also  calculated,  both  for  the 
present  studies  and  for  those  reported  previously.1  Drbc  equals  the 
diffusing  capacity  of  1  ml.  of  red  blood  cells  in  the  lung  capillaries. 


Results 


Table  I  indicates  the  results  obtained  in  the  five  dogs.  In  dogs  I 
and  II  the  results  in  shock  are  calculated  on  the  basis  of  there  being  no 
change  in  the  original  hematocrit  and  are  therefore  probably  incorrect  but 
demonstrate  the  same  trend  seen  in  the  other  three  studies. 

In  each  instance  a  marked  fall  in  Vc  occurred  and  in  general  a  fall 
in  Dj^.  Dm  was  even  more  variable  than  in  the  past  and  reached  infinity  on 
three  of  these  studies. 

Doq  V  was  studied  immediately  after  endotoxin  and  then  about  15  -  30 
minutes  later.  Vc  rose  briefly  in  this  animal  and  then  fell  abruptly  in 
the  second  study. 

Discussion 

The  effect  of  intravenous  injection  of  gram  negative  endotoxin  on 

pulmonary  diffusion  and  capillary  blood  volume  appears  to  be  a  fall  in  Vc 

and  in  general  a  fall  in  DjCO.  This  is  essentially  similar  to  the  effect 

of  acute  shock  as  noted  in  Figure  I.  kt  the  time  that  these  studies  were 

done  the  blood  pressure  was  in  each  instance  well  below  the  normal  level. 

The  result  in  Dog  V  in  tftiich  the  Vc  initially  rose  is  of  interest,  since 

according  to  other  authors  endotoxin  causes  a  release  of  Serotonin'’  in  the 

lung  and  it  is  known  that  Serotonin  is  a  pulmonary  vein  constrictor  and 

causes  an  increase  in  pulmonary  capillary  blood  volume, ^  A  later  effect  of 
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endotoxin  is  believed  to  be  the  development  of  intracapillary  clotting. 

The  possibility  exists  that  the  Serotonin  effect  on  the  pulmonary  venous 
circulation  is  of  relatively  short  duration  and  is  superceded  immediately 
by  tho  effect  of  intracapillary  dotting  and  a  fall  in  Vc  due  to  a  diminished 
capillary  bed  in  the  lung. 
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These  preliminary  studies  indicate  that  if  endotoxin  causes  a 
Serotonin-like  effect  on  the  lung,  it  is  of  short  duration  and  diffusion 
studies  must  be  done  immediately  after  the  endotoxin  is  administered  to 
demonstrate  it.  Furthermore,  there  is  a  rapid  rise  in  hematocrit  after 
endotoxin  and  it  will  have  to  be  measured  frequently  in  order  to  get  accurate 
diffusion  results.  The  hematocrit  of  Dog  V  rose  from  a  control  of  I4.8  to  a 
high  of  61;  toward  the  end  of  the  study.  Both  of  the  post-endotoxic  results 
were  based  on  a  hematocrit  of  61*  but  at  the  time  of  the  first  study  it  was 
probably  a  good  deal  lower.  The  late  effect  of  endotoxin  on  the  lung  after 
the  blood  pressure  has  returned  to  normal  is  also  planned  for  study. 

Figure  II  shows  the  relationship  of  to  Vrbc  in  2k  control  studies, 
in  six  studies  of  acute  hypovolemic  shock  and  in  six  of  irreversible  shock 
reported  previously.1  The  line  of  maximal  D^O  hits  a  slope  of  l.U  which 
is  the  "diffusing  capacity"  of  1  ml.  of  RBC  directly  exposed  to  alveolar  air. 
The  experimental  data  show  that  the  RBC  in  pulmonary  capillaries  have  a 
sc.ewhat  lower  "diffusing  capacity",  Di/Vrbc  -  Drbc,  averages  .85  t  16  ml./ 
min. /mm.  Hg./ml,  RBC  for  the  experiments  in  Figure  II.  The  shaded  area  in 
Figure  II  would  then  correspond  to  increased  membrane  thickness. 

2.  Studies  in  humans. 

Tho  effoct  of  varying  lung  volume  (V^)  on  the  pulmonary-capillary  blood 
volume  (Vc)  and  the  menbrane-diffusing  capacity  (Dm)  was  studied  in  twelve 
normal  voluntoers.  The  purpose  of  this  study  was  to  sot  a  standard,  for 
evaluating  results  in  ncutoly  tDpcticnts  who  might  be  unable  to  hold  their 
breath  at  total  lung  capacity. 
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Method 


Twelve  normal  volunteers  were  studied,  ages  18  to  $1.  Their  biometric 

data  was  obtained  and  is  shown  in  Table  II,  Vital  capacity  and  timed- 

vital  capacity  were  measured  with  a  Gaensler  vitalometer  and  the  residual 

volume  by  the  closed-circuit  helium  dilution  method.  Total  blood  volume 

and  hematocrit  were  determined  in  seven  subjects  by  the  radioactive  albumin 

technique.  The  diffusion  capacity  (D^)  was  measured  by  the  single-breath 

9 

method  using  carbon  monoxide,  as  modified  by  Foster  et  al.  The  subject  was 
asked  to  perform  a  complete  expiration,  followed  by  inspiration  of  the  test 
gas  and  ten  seconds  of  breath-holding.  This  was  followed  by  a  rapid 
expiration  from  which  an  alveolar  sample  was  collected.  In  each  subject  the 
lung  volume  at  which  the  breath  was  held  was  approximately  at  total  lung 
capacity  and  at  approximately  two-thirds  of  total  lung  capacity.  Two 
subjects  were  also  studied  at  one-third  of  total  lung  capacity.  Three  gas 
mixtures  were  used  as  in  previous  studies,  all  containing  •  3  per  cent 
carbon  monoxide,  10  per  cent  helium  but  with  20,  $0  or  90  per  cent  oxygen. 
The  balance  was  nitrogen.  A  box-balloon  spirometer  permitted  the  recording 
of  inspired  volume,  breath-holding  time  and  dead-space  washout  volume.  The 
alveolar  gas  samples  were  analyzed  as  in  previous  studies  and  D^,  Vc  and  On 
calculated  by  methods  described  previously.  Duplicate  measurements  of  D^ 
were  made  with  each  gas  mixture  and  at  each  lung  volume.  The  volumo  of  red 
cells  in  the  lung  capillaries  (Vrbc )  was  estimated  from  the  pulmonary¬ 
capillary  blood  volumo  and  the  hematoorit,  and  the  ratio  of  diffusion 
capacity  to  the  volume  of  red  blood  cells  (Drbc)  was  calculated. 
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Results 

In  Table  III  are  listed  the  values  of  Vc  and  Dm  at  the  varying 
lung  volumes.  In  general  and  Vc  decreased  markedly  with  decreasing  lung 
volume  while  On  was  not  altered  significantly. 

Figure  III  demonstrates  the  percentage  relationship  of  Vc  to  lung 
volume  for  each  individual,  comparing  himself  to  his  best  performance.  It 
is  noted  that  Vc  f&l  proportionately  as  lung  volume  decrease  d«  The  fall 
in  with  decreasing  lung  volume  was  relatively  less  than  that  of  Vc. 
However,  when  and  Vc  were  compared  to  the  lung  volumes  in  absolute  values, 
a  proportional  relationship  was  shown  in  both  instances,  as  demonstrated 
by  Figures  IV  and  V.  The  results  of  a  similar  analysis  for  Em  indicated 
the  absence  of  any  meaningful  trend. 

Table  IV  is  another  representation  of  the  relationship  between  the 
diffusion  data  and  the  lung  volume.  It  indicates  that  the  amount  of 
capillary  blood  per  liter  of  lung  volume  remains  constant  as  the  lung 
volume  changes,  averaging  13.5  ml.  per  liter  of  lung  volume,  but  both 
D.  and  Em  per  liter  of  lung  volume  decreased  with  increasing  lung  volume. 
Discussion 

This  study  confirms  the  large  changes  in  that  are  induced  by 
changing  lung  volume^  and  it  demonstrates  that  a  proportional  increase 
in  oapillary-blood  volume  is  the  dominant  mechanism  of  the  changes. 

The  volume  dependence  of  is  of  practical  importance  for  the  definition 
of  normal  values  and  the  appreciation  of  pathological  changes  when  using 
the  standard  single-breath  technique.  Differences  in  the  proposed 


prediction  formula  may  result,  not  only  from  the  relatively  small  number  of 
subjects  usually  studied  and  the  possible  difference  in  analytic  techniques 
but  also  from  unequal  efforts  to  reach  total  lung  capacity,  Vc  increases 
proportionately  with  increasing  lung  expansion  and  this  implies  that  the 
capillary  bed  expands  at  the  same  rate  as  the  alveoli  augment  in  size  and 
number.  Opposite  changes  have  been  observed  in  isolated  lung  preparations"^ 
and  no  sure  explanation  can  be  offered  at  present  for  this  difference.  The 
lung  volume  dependence  of  Vc  limits  the  significance  of  its  relationship  to 
total  blood  volume  as  seen  in  Table  IV  unless  V^  (lung  volume)  is  known. 

The  amount  of  capillary  blood  per  liter  of  lung  volume  appears  to  offer  a 
better  index  of  the  total  perfusion  of  the  lungs.  Our  predicition  formula, 

Vc  equals  13.5  ml.  per  liter  of  lung  volume  applies  generally  to  any  lung 
volume. 

The  absence  of  ary  change  in  average  Dm  when  the  lungs  are  distended 
from  65  to  95  per  cent  was  somewhat  surprising.  It  implies  that  the  alveolar 
membrane  is  left  unaltered  or  that  any  increase  in  its  surface  area  is  can¬ 
celled  by  an  increase  in  its  thickness.  We  favor  the  latter  mechanism  on 
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the  basis  of  our  previous  observations,  which  support  the  hypothesis  that 
the  alveolar  membrane  is  useful  for  gas  exchange  only  where  it  is  in  contact 
with  red  blood  cells.  In  this  hypothesis  a  rise  in  V*bc  is  synomous  with 
an  increase  in  effective  surface  area  and  a  fall  in  Drbe  with  an  increased 
thickness  of  the  membrane.  Both  changes  are  observed  with  progressive 
distension  of  the  lungs  and  the  composition  of  the  two  effects  accounts  for 
pattern  of  changes  in  D^,  A  cause  for  the  behavior  of  Vc  and  Ha  with 


increasing  lung  volume  could  be  found  in  a  concomitant  increase  in  the 
surface  tension  of  the  alveolar  lining  which  would  induce  the  opening  of 
capillaries  and  exudation  of  fluid  within  the  membrane.  The  rapid 
degradation  of  this  surfactant  material  when  exposed  to  air  in  vitro  may- 
then  offer  an  explanation  f  or  the  different  behavior  of  Vc  in  isolated 
lungs. 

We  believe  that  the  amount  of  c  spillary  blood  per  liter  of  lung 
volume  may  prove  to  be  an  important  parameter  for  study  since  it  does  not 
change  under  normal  conditions  with  variations  in  lung  volume.  It 
establishes  a  solid  basis  for  comparison  with  studies  carried  out  during 
shock  or  other  pathologic  states. 
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Underlined  results  are  baaed  on  assuming  the  hematocrit  remained  unchanged 
in  endotcodo  shock.  The  changes,  however,  are  similar  to  those  seen  in  the 
other  animals. 
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TABLE  II 


Biometric  data  for  12  normal  male  volunteers.  .  Age  in  years,  height 
in  meters,  weight  in  Kg}  vital  capacity  (VC )  and  total  lung  capacity 
(TIE)  in  r.ters  B??S;  one-second  timed  vital  capacity  (TVC)  and 
residual  volume  to  total  lung  capacity  ratio  in  per  cent.  Total 
blood  volume  (TBV)  in  liters  and  hematocrit  (Hct)  in  per  cent. 


Age 

Height 
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VC 
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27 

— 

V.H. 

51 

1.82 

6t 

3.38 

70 
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44 

— 

TABUS  III 


Diffusion  data  for  12  normal  male  volunteers.  The  lung  volumes  (V^) 

are  indicated  in  per  cent  of  total  lung  capacity  (TLC).  D-  is  the 
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diffusing  capacity  of  the  lungs  in  ml/mi n/mm  Hg,  Vc  the  pulmonary 
capillary  blood  volume  in  ml  and  Dm  the  diffusing  capacity  of  the 
alveolar  membrane  in  ml/min/mm  Hg, 
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TABLE  TT 


Diffusion  data  per  liter  of  lung  volume  (V^)  at  three  different  fractions 

of  total  lung  capacity  (TLC)  D^>  Vc  and  Dm  as  in  Table  II*  The  ratio  of 

pulmonary  capillary  blood  volume  to  total  blood  volume  (Vc/TBV)  Is  also 

•£>  } 

indicated.  The  figures  are  mean  values  -  standard  deviation. 
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Figure  I 


CHANGE  IN  DL,Vc  AND  Vrbc  IN  ANEMIA 
AND  SHOCK 
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